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Introduction
============

Recently, there has been significant interest in deepening our understanding of microbial ecology (particularly the microbiomes of various environments), as well as new antibacterial compounds to use in combating antibiotic resistant pathogens^1,2^. An interconnecting theme between these interests is understanding antagonistic interactions among bacterial strains in their natural environment. There are numerous ways in which bacteria antagonize competitors^3^. Bacteriocins, a diverse group of proteinaceous, antibacterial compounds, have long been studied for their role in mediating interbacterial antagonism, with two of the most studied species being *Pseudomonas aeruginosa*^4,5^ and *Escherichia coli*^6^, important human pathogens. In addition to bacteriocins, induced prophages can also act as anticompetitor agents, allowing a strain to invade into a niche that is already colonized^7^. *Pseudomonas syringae* is a plant pathogen known to produce an array of antimicrobial agents, including single protein bacteriocins^8^, bacteriophage tail-derived bacteriocins^9^ (termed tailocins), as well as non-proteinaceous secondary metabolites^10^. Recently there has been interest in understanding how these antimicrobials influence the ecology of this organism, as well as how they can be harnessed to control plant disease^11^.

A widely utilized method for studying both bacteriocins and bacteriophage is the soft-agar overlay technique. This method was first described by Gratia in 1936 to aid in enumerating bacteriophage^12,13^.

Here we describe the application of the soft-agar overlay method, in combination with targeted genetic manipulation and polyethylene glycol (PEG) precipitation, in distinguishing among three different antimicrobial agents (a bacteriophage, a high molecular weight bacteriocin, and a low molecular weight bacteriocin) produced by a single bacterial strain. The benefit of this approach is that it is relatively simple and cheap, which is why, despite it being decidedly \'low-tech\', it is still widely utilized.

Protocol
========

1. Preparation of Supernatant to Be Tested for Activity
-------------------------------------------------------

1.  Prepare a 0.5 mg/ml stock solution of mitomycin C by dissolving the appropriate amount into sterile 0.1 M MgSO~4~ buffer (*e.g.* 1 mg mitomycin C/2 ml buffer). Store stock at 4 °C in a light protected container (mitomycin C is light sensitive).

2.  Inoculate a single colony of *P. syringae* into 3 ml of King\'s medium B (KB) broth^14^. Incubate over night with shaking (200 rpm) at room temperature (21-25 °C).

3.  The following morning, dilute the broth culture 1/100 into 3 ml of fresh KB broth. Incubate for 3-4 hr with shaking at room temperature. Add mitomycin C (0.5 µg/ml, final concentration). Incubate the culture over night with shaking at room temperature. NOTE: Mitomycin C causes double stranded DNA breaks, thus stimulating the cell\'s SOS response, leading to the production of both bacteriophage and bacteriocins.

4.  Pellet 1-2 ml mitomycin C induced cultures by centrifugation at 20,000 x g for 5 min in a bench top microcentrifuge.

5.  Remove and sterilize culture supernatants either by passing the supernatant through a 0.22 µm pore size filter or by treating the supernatant with chloroform (100 µl chloroform per 1 ml supernatant). If using chloroform, vortex the mixture for 15 sec and let incubate at room temperature for 1 hr. Following incubation, centrifuge the mixture at 20,000 x g for 5 min. NOTE: Chloroform efficiently kills cells by solubilizing their membranes. The benefit of using chloroform over filter sterilization is that it is cheaper and easier to scale-up if processing many (\>20) samples at a time. There may be a possibility that a given killing activity is lost following chloroform treatment as a result of partitioning into the organic phase.Remove the upper, aqueous phase using a 1 ml pipet to a fresh, sterile 1.5 or 2.0 ml microfuge tube. Be careful not to transfer any of the lower chloroform layer (it is better to remove less of the aqueous phase to avoid carry-over).Incubate the transferred supernatant uncapped in a fume hood to allow the residual chloroform to evaporate (several hours). Store supernatants at 4 °C.

2. Separation and Concentration of High Molecular Weight Bactericidal Compounds by Polyethylene Glycol (PEG) Precipitation
--------------------------------------------------------------------------------------------------------------------------

1.  To the sterile supernatant, add NaCl and PEG 8000 to 1 M and 10% final concentrations, respectively. Repeatedly invert the sample until both the NaCl and PEG are completely dissolved. Incubate samples in an ice bath for 1 hr or overnight at 4 °C.

2.  Centrifuge samples at 16,000 x g for 30 min at 4 °C. A pellet should form at the bottom of the centrifuge tube. Decant the supernatant and resuspend the pellet in desired volume (such as 1/10 or 1/100 of the original supernatant volume) of buffer (10 mM Tris, 10 mM MgSO~4~, pH 7.0) by repeated pipetting.

3.  Remove residual PEG by two sequential extractions with an equal volume of chloroform. Combine chloroform with the resuspended pellet and vortex for 10 to 15 sec, then centrifuge the mixture at 20,000 x g for 5 min. Transfer the upper, aqueous phase to a fresh microfuge tube. Repeat this extraction until no white interface between the aqueous and organic phase is visible (usually 2 extractions total). Allow residual chloroform to evaporate from extracted supernatants in a fume hood.

3. Preparation of Overlay and Testing Supernatants for Activity
---------------------------------------------------------------

1.  Inoculate a single colony of a *P. syringae* strain to be tested for sensitivity into 3 ml of KB, incubate over night with shaking at room temperature.

2.  The following morning, back dilute the culture 1/100 into fresh KB. Incubate 3-4 hr with shaking at room temperature.

3.  Prepare sterilized water agar by autoclaving a suspension 0.35-0.7% (w/v) agar in ultrapure water. NOTE: A stock of soft water agar can be melted in a microwave and reused repeatedly, fresh overlay does not need to be prepared for each experiment. If water agar is reused, it is critical to ensure it is completely melted following microwaving. If not, the overlay will have a grainy texture upon solidifying that will make interpretation difficult. If this occurs, melt the agar for several minutes longer in the microwave than done previously.

4.  Maintain the molten soft agar in a 60 °C water bath prior to use. Using a sterile serological pipet, transfer 3 ml of soft agar to a sterile culture tube. Return the culture tube to water bath to maintain in a molten state.

5.  To pour the overlay, first allow the molten agar to cool (it should feel warm but not hot to touch), but do not allow to solidify.

6.  In a sterile hood, inoculate 100 µl of the tester strain culture into the soft agar and vortex to mix. Rotate culture by hand for 10-15 sec, then pour onto a bottom agar (KB agar). Tilt the plate in all directions to ensure the soft agar evenly covers the bottom agar. NOTE: The bottom agar can be any solidified (1.5% agar) medium on which the test strain grows vigorously. For a standard 100 mm diameter Petri dish, use \~20 ml melted medium. The bottom agar can be prepared several weeks ahead of time (if maintained at 4 °C without drying) or can be prepared the same day. If prepared the same day as performing the overlay, it is best to do so prior to step 3.4.

7.  Cover the plate and allow it 20-30 min to solidify. Be careful not to disturb the plate while solidifying.

8.  Once solidified, spot 2-5 µl of supernatant (generated in sections 1 and 2, above) onto the overlay. Allow the plates to incubate over night at room temperature. Observe and record results the following morning. NOTE: It may be useful to perform and spot from a serial dilution of the supernatant. This will allow researchers to distinguish between bacteriophage and bacteriocin clearing activity. In this case, it is recommended to perform 1:5 or 1:10 dilutions.

Representative Results
======================

The combination of the soft agar overlay and PEG precipitation can be used to identify and characterize different antimicrobial agents produced by the same strain. **Figure 1**shows two strains of *P. syringae*(A and B) that are inhibited by a third strain of the same species. The two strains, however, are inhibited by different bacteriocins. The clearing zone on strain A exhibits a sharp edge, whereas the clearing zone on strain B is larger, and exhibits a non-sharp border. Genetic manipulations within the producing strain that specifically inactivate either the tailocin (tailocin deficient) or low molecular weight bacteriocin (bacteriocin deficient) confirm that strains A and B are sensitive to distinct bacteriocins. **Figure 2** shows that bacteriophage-mediated killing can be distinguished from other non-replicative antimicrobials by comparing a dilution series. Because both bacteriocins and prophage can be induced by mitomycin C treatment, activities of these two agents can closely resemble each other (particularly if the activated phage is abundant). In the case of bacteriophage-mediated clearing, dilution of the supernatant will resolve into individual plaques (clearing zones) while bacteriocin-mediated clearing will not resolve into such plaques.

**Figure 1:Phenotypic distinction of multiple antimicrobial agents produced by the same strain.**Strain A is sensitive to a high molecular weight bacteriocin (tailocin) but not an alternative low molecular weight bacteriocin, as evidenced by lack of clearing in the tailocin deficient strain, but not the bacteriocin deficient strain. Conversely, strain B is insensitive to the tailocin, but is sensitive to the low molecular weight bacteriocin. The tailocin is efficiently recovered following PEG precipitation, while lower molecular weight bacteriocins are not. WT = wild type. [Please click here to view a larger version of this figure.](http://ecsource.jove.com/files/ftp_upload/55064/55064fig1large.jpg)

**Figure 2: Distinguishing between non-replicative antimicrobials and bacteriophages.**(**A**) Dilution of a high titer of bacteriophages results in individual plaques that become less numerous (high titer top, low titer bottom). (**B**) Dilution of bacteriocins results in uniformly less clearing that does not resolve into individual plaques. [Please click here to view a larger version of this figure.](http://ecsource.jove.com/files/ftp_upload/55064/55064fig2large.jpg)

Discussion
==========

The soft-agar overlay technique described here has been widely applied for many decades by researchers interested in bacteriophages or bacteriocins. The main benefits of this approach are that it is simple, cheap and relatively easy to interpret. By combining the soft-agar overlay with PEG precipitation and serial dilution, antimicrobial agents can be separated into high vs. low molecular weight agents, and replicative vs. non-replicative agents (*i.e.* bacteriophage vs. tailocin, respectively). Finally, incorporation of targeted genetic manipulation (deletion and complementation) of putative bacteriocin or prophage loci can firmly establish the identity of a given antagonistic compound. We have recently used this method to describe a new bacteriophage-derived bacteriocin prevalent among *Pseudomonas syringae*strains^9^.

The growth media and conditions indicated in this protocol work well for *Pseudomonas syringae* and would likely suffice for other Gram-negative bacteria that grow vigorously under these conditions. However, researchers using this method will want to optimize the timing, culture medium, induction method, and incubation temperature for their system. The critical parameters include inducing the producing culture while in the logarithmic growth phase, as well as seeding the soft-agar overlay with sufficient logarithmic phase culture to ensure a uniform bacterial distribution, but not excessive culture, which will obscure potential clearing zones. There are many bacteriocins that are not induced as part of the SOS response, but rather are induced through peptide-based quorum sensing systems (particularly Gram-positive bacteriocins^15^), thus, a researcher may want to screen several different induction methods (such as modifying nutrient content of inducing medium, or allowing for extended incubation of the producing strain).

When using this technique, the soft-agar overlay must be thoroughly melted and maintained at 55-60 °C prior to the addition of the seeding strain. We have had several experiments where the soft-agar was not thoroughly melted (though visually it appeared to be) and resulted in an overlay with a grainy appearance. Results from a grainy overlay can still be generally interpretable, however, this is dependent on the strength of the inhibition (weaker inhibition will be more difficult to observe). A final, confounding variable to consider when using this technique is that the temperature of the molten agar is allowed sufficient time to cool prior to inoculation with the seeding strain, so as to avoid killing the seeding strain. To avoid this issue, we ensure the soft-agar is warm, but not hot, to touch. Along these lines, we have also observed that if we give inadequate time for a seeding culture to acclimate to the molten agar, prior to pouring the overlay, we recover generally poor bacterial growth, which makes interpretation of specific inhibition difficult or impossible to interpret. This is why we allow 10-15 additional seconds of incubation between vortexing and pouring the overlay. The trade-off between maintaining the agar in a completely molten state (hotter is better) but not lethal to the seeding strain (hotter is not better) is one that will likely need to be determined by a researcher through trial and error.

If a PEG precipitation step is used, it would be beneficial to include a negative control where a sterile broth medium is processed identically to the culture supernatant. This will ensure that killing activity is not the result of residual PEG or chloroform within the sample supernatant.

As both bacteriophages and bacteriocins tend to be highly specific, it is not uncommon to encounter no apparent killing activity with a given combination of strains. This can result from a variety of strain-specific resistance mechanisms, one being that the tester strain either lacks or has an unrecognized version of the receptor needed for targeting by a given bacteriocin or bacteriophage.

An alternative method, bacteriocin screening method has been described by Kawai *et al.*, but suffers from drawbacks and has not been widely adopted^16^. Specifically, this technique requires observing broth samples at time intervals that can be burdensome, and does not allow for the discrimination between bacteriophage-derived and bacteriocin-derived killing activities.

The main limitations of this technique is that it is not well suited for organisms that do not grow robustly (and thus will lack easily discernable clearing zones) or that harbor prophages or bacteriocins that are not robustly produced under laboratory conditions. Adaption of this technique to detect bacteriocins produced in environmental samples would both expand the utility of this technique and facilitate greater insight into the role of bacteriocins within natural settings.
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